p e l 1 e r s . T h i s paper w i l l p r e s e n t some o f t h e l a t e s t p r o p e l l e r a n a l y t i c a l p r o c e d u r e s and t e s t techn i q u e s used i n t h e NASA Lewis P r o p e l l e r Research Program. The l a t e s t p r o p e l l e r a n a l y t i c a l procedures such as t h e c u r v e d l i f t i n g l i n e and E u l e r l i f t i n g s u r f a c e computer a n a l y s e s w i l l b e b r i e f l y d i s c u s s e d and r e s u l t s compared w i t h e x p e r i m e n t a l data. Also, t w o new e x p e r i m e n t a l t o o l s , t h e l a s e r v e l o c i m e t e r and t h e new r o t a t i n g p r o p e l l e r f o r c e b a l a n c e w i l l b e r eviewed. And f i n a l l y , some p r o p e l e r f
l o w v i s u a l i z a t i o n t e c h n i q u e s such as f l u o r e s c e n t m i n i -t u f t s , chemical s u b l i m a t i o n and t h e p a i n t f l o w t e c h n i q u e w i l l b e d i s c u s s e d ADVANCED TURBOPROP POTENTIAL VERY HIGH PROPULSIVE e f f i c i e n c i e s f o r a i r c r a f t t h a t o p e r a t e a t s u b s o n i c speeds can b e a c h i e v e d w i t h t h e f r e e a i r p r o p e l l e r . T h i s p o t e n t i a l l y h i g h p r o p u l s i v e e f f i c i e n c y c o u p l e d w i t h t h e concern t o r e d u c e d i r e c t o p e r a t i n g c o s t t h r o u g h reduced f u e l usage has l e d t o a renewed i n t e r e s t i n t u r b o p r o p p r o p u l s i o n f o r h i g h speed subsonic a i r c r a f t . B o t h in-house and c o n t r a c t o r s t u d i e s i n d i c at e d t h a t t h e r e i s a l a r g e performance advantage a t c r u i s e speeds up t o Mach 0.8 f o r advanced high-speed t u r b o p r o p powered a i r c r a f t compared t o e q u i v a l e n t t e c h n o l o g y h i g h bypass r a t i o t u rbofans. These advantages c o u l d r e s u l t i n l a r g e b l o c k f u e l s a v i n g s , r e d u c e d l i f e c y c l e c o s t s , improved range, o r o t h e r b e n e f i t s f o r b o t h f u t u r e c i v i l and m i l i t a r y a i r c r a f t . To invest i g a t e t h e s e advantages, a high-speed P r o p e l l e r Research Program was e s t a b l i s h e d a t t h e NASA Lewis
Research C e n t e r i n 1976. Over t h e p a s t s i x y e a r s , a number o f advanced high-speed and low-speed p r o p e l l e r models have been t e s t e d .
R e s u l t s f r o m t h e s e t e s t s h a v e shown t h a t h i g h p r o p e l l e r e f f i c i e n c i e s can b e o b t a i n e d a t c r u i s e speeds up t o a t l e a s t Mach 0.8. c a n t r e d u c t i o n s i n p r o p e l l e r n o i s e have been demonstrated a t c r u i s e c o n d i t i o n s .
A l s o , s i g n i f i -
The a t t r a c t i v e n e s s o f advanced t u r b o p r o p p r o p u l s i o n r e s u l t s f r o m i t s p o t e n t i a l f o r v e r y h i g h p r o p u l s i v e e f f i c i e n c y a t c r u i s e speeds up t o Mach 0.8.
A comparison o f t h e i n s t a l l e d c r u i s e e f f i c i e n c y o f turboprop-powered and t u rbofan-powered p r o p u l s i v e systems i s shown i n F i g u r e 1 o v e r a r a n g e o f c r u i s e speeds. The e f f i c i e n c i e s shown i n t h e f i g u r e i n c l u d e t h e i n s t a l l a t i o n l o s s e s f o r b o t h systems; namely, n a c e l l e d r a g f o r t h e t u r b o p r o p systems, and cowl d r a g and i n t e r n a l a i r f l o w l o s s e s f o r t h e t u r b o f a n systems. C o n v e n t i o n a l g e n e r a l a v i a t i o n t u r b o p r o p s have i n s t a l l e d e f f i c i e n c y l e v e l s n e a r 80 p e r c e n t up t o about Mach 0.5 
b u t can s u f f e r f r o m r a p i d decreases i n e f f i c i e n c y above t h i s speed due t o i n c r e a s i n g p r o p e l l e r c o m p r e s s i b i li t y l o s s e s . These l o s s e s a r e p r i m a r i l y t h e r e s u l t o f r e l a t i v e l y t h i c k b l a d e s ( 5 t o 7 p e rc e n t a t 7 5 p e r c e n t r a d i u s ) used on many p r o p u ls i o n systems o p e r a t i n g a t h i g h h e l i c a l t i p Mach numbers. p o t e n t i a l t o d e l a y t h e s e c o m p r e s s i b i l i t y l o s s e s t o a much h i g h e r c r u i s e speed and a c h i e v e a r e l a t i v e l y h i g h performance t o a t l e a s t Mach 0.8 c r u i s e . f a n s e x h i b i t t h e i r h i g h e s t e f f i c i e n c y a t c r u i s e speeds n e a r Mach 0.8, t h e i r performance would
The advanced high-speed t u r b o p r o p has t h e A l t h o u g h h i g h bypass r a t i o t u r b o -1 s t i l l b e s i g n i f i c a n t l y below t h a t o f t h e advanced t u r b o p r o p s . A t Mach 0.8 t h e i n s t a l l e d e f f i c i e n c y o f t u r b o f a n systems would b e approxi m a t e l y 6 5 p e r c e n t compared t o about 7 5 p e r c e n t f o r t h e advanced t u r b o p r o p . A t l o w e r c r u i s e speeds, t h e e f f i c i e n c y advantage o f t h e advanced t u r b o p r o p would b e even l a r g e r .
b o t h 4ASA and i n d u s t r y t o e v a l u a t e t h e p o t e n t i a l o f advanced high-speed t u r b o p r o p p r o p u l s i o n f o r b o t h c i v i l and m i l i t a r y a p p l i c a t i o n s .
Numerous r e f e r e n c e s t o s p e c i f i c s t u d i e s and summary r es u l t s a r e l i s t e d i n Reference 1. The t r i p f u e l s a v i n g s shown i n F i g u r e 2 as a f u n c t i o n o f o p e r a t i n g r a n g e i s a summary o f t h e s e s t u d i e s . I n s t a l l e d e f f i c i e n c y l e v e l s s i m i l a r t o t h o s e snown i n F i g u r e 1 f o r comparable t e c h n o l o g y advanced t u r b o p r o p s and t u r b o f a n s were used i n most o f t h e s e s t u d i e s . As shown i n F i g u r e 2, t r i p f u e l s a v i n g s i s dependent on a i r c r a f t c r u i s e speed and range. A t t h e b o t t o m o f t h e band, a s s o c i a t e d w i t h Mach 0.8 c r u i s e , f u e l s a v i n g s range f r o m about 1 5 t o 2 5 p e r c e n t f o r advanced t u r b o p r o p a i r c r a f t compared t o e q u i va l e n t t e c h n o l o g y t u r b o f a n a i r c r a f t . f u e l s a v i n g s o c c u r a t t h e s h o r t e r o p e r a t i n g ranges where t h e m i s s i o n i s c l i m b and descent dominated. Because o f t h e l o w e r o p e r a t i n g speeds encountered d u r i n g c l i m b and descent, t u r b o p r o p s have an even l a r g e r performance advantage t h a n t h e advantage a t Mach 0.8 c r u i s e c o n d i t i o n s . I n a s i m i l a r manner, a l a r g e r f u e l s a v i n g s i s p o s s i b l e a t Mach 0.7 c r u i s e ( r e p r es e n t e d b y t h e t o p o f t h e band i n F i g . 2 ) . A t t h i s l o w e r c r u i s e speed, f u e l s a v i n g s r a n g e f r o m about 2 5 t o n e a r 3 5 p e r c e n t . Even l a r g e r f u e l s a v i n g s may b e p o s s i b l e b y r e c o v e r i n g t h e p r o p e l l e r s w i r l l o s s f r o m t h e s e s i n g l e r o t a t i o n t u r b o p r o p s . C o u n t e r r o t a t i o n i s one p r o m i s i n g concept f o r r e c o v e r i n g s w i r l l o s s t h a t i s curr e n t l y under s t u d y a t NASA and i n t h e i n d u s t r y .
ADVANCED DESIGN CONCEPTS AND ANALYTICAL PROCEDURES
A number o f s t u d i e s have been conducted b y
The l a r g e r To a c h i e v e t h e s e p o s s i b l e f u e l savings, t h e p r o p e l l e r on t h e advanced t u r b o p r o p would have t o i n c o r p o r a t e a number o f u n i q u e d e s i g n f e at u r e s t h a t would enhance p r o p e l 1 e r performance and l o w e r source n o i s e . 
h a n i s o l a t e d b l a d e s . a t t e n d a n t mixed s u b s o n i c and s u p e r s o n i c f l o w s p r e s e n t a c o m p l i c a t e d p r o p e l l e r d e s i g n p r o b l e m t h a t i s beyond t h e scope o f t r a d i t i o n a l p r o p e l l e r a n a l y t i c a l procedures. T h e r e f o r e , advanced aerodynamic a n a l y s i s methods f o r p r e d i c t i n g high-speed p r o p e l l e r performance a r e b e i n g dev e l o p e d as a p a r t of t h e NASA P r o p e l l e r Research Program (2) (3) (4) . range from s i m p l e s h o r t r u n n i n g l i f t i n g l i n e programs such as t h e e x i s t i n g s t r i p a n a l y s i s based upon G o l d s t e i n ' s work ( 5 ) t o v e r y complex l o n g r u n n i n g programs such as t h e f i n i t e d i f f e rence l i f t i n g s u r f a c e a n a l y s i s t h a t s o l v e s t h e f i v e E u l e r e q u a t i o n s ( 3 , 6 ) .
The e x i s t i n g G o l d s t e i n t y p e s t r i p a n a l y s i s assumes t h e v o r t e x wake i s composed o f a r i g i d h e l i c a l v o r t e x sheet, c o r r e s p o n d i n g t o t h e optimum span-wise l o a d i n g o f a l i g h t l y l o a d e d p r o p e l l e r . The p r o p e l l e r i s r e s t r i c t e d t o h a v i n g s t r a i g h t b l a d e s and t h e r e i s no p r o v i s i o n f o r a n a c e l l e s i n c e t h e v o r t e x wake extends t o t h e a x i s . Simple m o d i f i c a t i o n s have been made t o e x i s t i n g analyses i n an a t t e m p t t o c i r c u m v e n t t h e s e r e s t r i c t i o n s . F o r example, t h e s i m p l e c o s i n e r u l e i s used t o account f o r b l a d e sweep and a r a d i a l g r a d i e n t o f a x i a l v e l o c i t y i s used t o account f o r t h e e f f e c t o f t h e n a c e l l e .
t h e c u r v e d l i f t i n g l i n e program ( 7 ) and t h e p r o p e l l e r n a c e l l e i n t e r a c t i o n program (8) i nc l u d e a swept l i f t i n g l i n e c a p a b i l i t y , and t o v a r y i n g degrees, t h e a b i l i t y t o account f o r t h e presence o f t h e n a c e l l e i n t h e a n a l y s i s .
The c u r v e d l i f t i n g l i n e a n a l y s i s r e p r e s e n t s t h e wake b y a f i n i t e number o f h e l i c a l v o r t e x f i l a m e n t s i n s t e a d o f t h e c o n t i n u o u s s h e e t o f v o r t i c i t y used b y G o l d s t e i n . a c o n s t a n t p i t c h b u t i t s l o c a t i o n r e l a t i v e t o t h e o t h e r f i l a m e n t s i s a r b i t r a r y . The s t r e n g t h s o f t h e i n d i v i d u a l wake f i l a m e n t s a r e r e l a t e d t o t h e spanwise v a r i a t i o n s o f t h e bound v o r t e x s t r e n g t h . S i n c e b o t h o f t h e s e a r e unknown, t h e b l a d e and wake v o r t e x s t r e n g t h s a r e s o l v e d s i m u l t a n e o u s l y . T h i s s o l u t i o n i s made p o s s i b l e b y p l a c i n g t h e bound v o r t e x a l o n g t h e q u a r t e r c h o r d l i n e and r e q u i r i n g t h e f l o w t o be t a n g e n t t o t h e b l a d e mean camber l i n e a l o n g t h e t h r e eq u a r t e r c h o r d l i n e . With t h e s e c o n d i t i o n s , t h e b l a d e and wake v o r t e x s t r e n g t h s can b e computed. The l i f t c o e f f i c i e n t o f t h e b l a d e a t any r a d i a l l o c a t i o n i s t h e n d e t e r m i n e d f r o m t h e bound v o r t e x s t r e n g t h a t t h e same r a d i u s . Drag i s p r o v i d e d b y c o r r e l a t e d two-dimensional a i r f o i l data. The t o t a l induced v e l o c i t y a t any p o i n t i n t h e f l o w f i e l d i s o b t a i n e d b y summing t h e induced f l o w o f t h e bound v o r t e x and t h e t r a i li n g v o r t e x system. T h i s a n a l y s i s i s c u r r e n t l y r e s t r i c t e d t o s i n g l e r o t a t i o n p r o p e l l e r s . The b l a d e s a r e r e p r e s e n t e d b y c u r v e d l i f t i n g l i n e s w h i c h can have any a r b i t r a r y shape. The n a c e l l e shape i s r e s t r i c t e d t o an i n f i n i t e c y l i n d e r because t h e The above d e s i g n concepts a l o n g w i t h t h e The a n a l y s i s methods ( F i g . 4 ) More r e c e n t l i f t i n g l i n e analyses, such as Each f i l a m e n t has wake r i g i d h e l i c a l f i l a m e n t s cannot c o n t r a c t i n t h e r a d i a l d i r e c t i o n . p r o p e l l e r i n f l o w v e l o c i t y due t o n a c e l l e c u r v at u r e can be p r e s c r i b e d and t a k e n i n t o account i n t h e a n a l y s i s .
The p r o p e l l e r n a c e l l e i n t e r a c t i o n a n a l y s i s (8) a l s o r e p r e s e n t s t h e wake b y a f i n i t e number o f v o r t e x f i l a m e n t s . a l l o w s t h e v o r t e x f i l a m e n t s t o b e p l a c e d a l o n g s t r e a m s u r f a c e s so t h a t t h e y c o n f o r m t o t h e shape o f an a x i s y m m e t r i c n a c e l l e . T h i s i s accomplished i n t h e a n a l y s i s b y t h e c a l c u l a t i o n o f t h e i n v i s c i d f l o w around t h e n a c e l l e alone, w h i c h l o c a t e s t h e wake v o r t e x f i l a m e n t s around t h e n a c e l l e and determines t h e r a d i a l v a r i a t i o n o f t h e i n f l o w v e l o c i t y a t t h e p r o p e l l e r . a r e h i g h enough t o r e s u l t i n l a r g e shock wave losses, and can d e t e r m i n e t h e d r a g o f t h e n a c e l l e i n t h e presence o f t h e p r o p e l l e r . The wake model i n t h i s a n a l y s i s can b e a p p l i e d t o b o t h s i n g l e and c o a x i a l c o u n t e r -r o t a t i o n p r op e l l e r s . The p r o p e l l e r s can have b l a d e s o f any a r b i t r a r y shape and t h e n a c e l l e can b e any dxisyrnmetric geometry. L i f t i n g s u r f a c e a n a l y s e s t h a t can s o l v e t h e c o m p l e t e three-dimensional f l o w f i e l d a r e a l s o under development. These a n a l y s e s r e q u i r e t h e g e n e r a t i o n o f a complex g r i d system which conf o r m s t o t h e shape of t h e n a c e l l e and p r o p e l l e r . The n a c e l l e shape i s r e q u i r e d t o b e a x i s y m m e t r i c so t h a t t h e f l o w between each two a d j a c e n t b l a d e s i s t h e same, (r7d i t i s o n l y n e c e s s a r y t o s o l v e f o r t h e f l o w tr.cween two blades.
Beyond t.he t i p s and upstream and downstream o f t h e b l a d e s , t h e f l o w i s assumed t o b e p e r i o d i c . On a l l s o l i d s u r f a c e s t h e f l o w i s r e q u i r e d t o b e t a n g e n t t o t h e s u r f a c e . development s o l v e s t h e s i n g l e f u l l t r a n s o n i c p o t e n t i a l e q u a t i o n ( 4 ) . I t r e q u i r e s t h e wake l o c a t i o n t o be d e f i n e d and does n o t account f o r shock t o t a l p r e s s u r e v a r i a t i o n a l t h o u g h i t i nd i c a t e s t h e shock l o c a t i o n .
A n o t h e r l i f t i n g s u r f a c e t e c h n i q u e i s t h e E u l e r a n a l y s i s (3, 6 ) . The e q u a t i o n s used i n t h e E u l e r a n a l y s i s a r e t h e f i v e unsteady t h r e e -d i m e n s i o n a l E u l e r equat i o n s . These govern t h e i n v i s c i d f l o w o f a c o m p r e s s i b l e f l u i d and can a c c u r a t e l y r e p r e s e n t t h e t o t a l p r e s s u r e v a r i a t i o n caused b y shock waves avd t h e work done b y t h e p r o p e l l e r .
T h i s a n a l y s i s r e q u i r e s no wake m o d e l i n g and no twod i m e n s i o n a l a i r f o i l data. T h i s code has a s i gn i f i c a n t l y l o n g e r r u n n i n g t i m e t h a n t h e t r a ns o n i c p o t e n t i a l a n a l y s i s . Both o f t h e l i f t i n g s u r f a c e analyses w i l l b e a b l e t o p r e d i c t deThe r a d i a l l y v a r y i n g However, t h i s a n a l y s i s
One l i f t i n g s u r f a c e a n a l y s i s t h a t i s under t a i l e d p r e s s u r e d i s t r i b u t i o n s on b o t h s i d e s o f t h e p r o p e l l e r b l a d e as we11 as t h e f l o w c o n d it i o n s i n any p o r t i o n o f t h e o f f -b o d y f l o w f i e l d . Such d e t a i l e d three-dimensional r e s u l t s w i l l b e i m p o r t a n t t o o l s f o r i m p r o v i n g t h e aerodynamic, a c o u s t i c and s t r u c t u r a l performance o f p r o p e ll e r s t h r o u g h a b e t t e r u n d e r s t a n d i n g o f t h e comp l i c a t e d f l o w processes o f advanced high-speed p r o p e l l e r s . EXPERIMENTAL DATA COMPARISONS WITH ANALYTICAL PROCEDURES
A l t h o u g h t h e s e l i f t i n g l i n e and l i f t i n g s u r f a c e programs a r e s t i l l under development, some comparisons o f t h e i r r e s u l t s w i t h w i n d t u n n e l e x p e r i m e n t a l d a t a o b t a i n e d w i t h a l a s e r v e l o c i m e t e r (LV), a r o t a t i n g f o r c e / t o r q u e b a lan$e and a f l o w s u r v e y p r o b e on an 8-bladedY 45 swept p r o p e l l e r (SR-3) w i l l b e made h e r e i n ( s e e a l s o Ref. 9 ) . These comparisons a r e intended t o i n d i c a t e t h e c u r r e n t s t a t u s i n t h e development o f t h e programs.
The f i r s t a n a l y t i c a l l e x p e r i m e n t a l d a t a comp a r i s o n s w i l l be made w i t h w i n d t u n n e l e x p e r imental d a t a o b t a i n e d u s i n g t h e new l a s e r v e l o ci m e t e r ( L V ) system.
The l a s e r v e l o c i m e t e r system was developed t o o b t a i n n o n -i n t r u s i v e measurements o f d e t a i l e d v e l o c i t i e s ahead o f , i n between, and b e h i n d p r o p e l l e r b l a d e s (10-12).
The l a s e r system i s shown i n F i g u r e 5 i n s t a l l e d i n t h e NASA Lewis 8-b y 6 -f o o t w i n d t u n n e l . The SR-3 p r o p e l l e r , s p i n n e r , and n a c e l l e can a l s o b e seen i n t h i s f i g u r e .
T h i s l a s e r v e l o c i m e t e r system uses a l s w a t t argon i o n l a s e r which i s o p e r a t e d a t about 113
power. The system uses a f o u r beam o n -a x i s b a c k s c a t t e r o p t i c system. The measuring volume i s moved a x i a l l y and v e r t i c a l l y w i t h i n t h e w i n d t u n n e l b y t r a v e r s i n g t h e e n t i r e l a s e r system and i s moved h o r i z o n t a l l y b y u s i n g a zoom l e n s assembly.
The movement o f t h e measuring volume i s r e m o t e l y computer c o n t r o l l e d . The f l o w w i t h i n t h e t u n n e l i s a r t i f i c i a l l y seeded w i t h d i o c t y l p h t h a l a t e (DOP).
The f o u r beam l a s e r v e l o c i m e t e r i s c a p a b l e o f measuring two v e l o c i t y components s i m u l t a n e o u s l y . The f o u r beams were s e t u p such t h a t t h e p l a n e s d e f i n e d b y t h e two beams o f each c o l o r were e s s e n t i a l l y o r t h o g o n a l t o each o t h e r and a t n o m i n a l l y 45 t o t h e h o r iz o n t a l p l a n e o f t h e w i n d t u n n e l . The a x i a l and t a n g e n t i a l components o f v e l o c i t y were o b t a i n e d b y making a measurement i n t h e h o r i z o n t a l p l a n e which passes t h r o u g h t h e p r o p e l l e r r o t a t i o n a l a x i s . The a x i a l and r a d i a l components o f vel o c i t y were s i m i l a r l y o b t a i n e d b y making measurements i n t h e v e r t i c a l p l a n e w h i c h passes t h r o u g h t h e r o t a t i o n a l a x i s . v e l o c i t y d a t a i s compared w i t h r e s u l t s f r o m t h e c u r v e d l i f t i n g l i n e a n a l y s i s . The comparisons shown a r e f o r t h e 8-bladedY 45" swept (SR-3) p r o p e l l e r (shown i n F i g . 5) o p e r a t i n g a t a tunn e l Mach number o f 0.8, a d e s i g n advance r a t i o o f 3.06, a c o r r e c t e d t i p r o t a t i o n a l speed ( V t / & ) o f 280 m/sec (917 f t / s e c ) , a h e l i c a l t i p Mach number o f 1.15, a power c o e f f i c i e n t o f I n F i g u r e s 6 and 7, t h e l a s e r v e l o c i m e t e r 1.8, and a b l a d e a n g l e e s e t t i n g a t t h e t h r e ef o u r t h s r a d i u s o f 60.5 .
A c o l o r computer g r a p h i c t e c h n i q u e s i m i l a r t o References 1 3 and 14 has been u t i l i z e d t o e v a l u a t e and compare t h e measurements and p r ed i c t i o n s of t h e h i g h l y three-dimensional e x i t f l o w f r o m t h e p r o p e l l e r . A t an a x i a l s t a t i o n j u s t b e h i n d t h e p r o p e l l e r , l a s e r v e l o c i m e t e r
(LV) c i r c u m f e r e n t i a l surveys were taken a t 1 7 r a d i a l p o s i t i o n s l o c a t e d from 59 t o 122 p e r c e n t o f t h e b l a d e span. generate t h e computer g r a p h i c p r e s e n t a t i o n s o f F i g u r e 6. A t each r a d i a l p o s i t i o n , t h e d a t a over t h e complete $ircumference f o r t h e 8 blades was f o l d e d t o a 45 segment t o p r o v i d e d a t a i n a s i n g l e e q u i v a l e n t b l a d e passage. f e r e n t i a l d a t a was averaged t o p r o v i d e 30 c i rc umf e r en t i a 1 v a1 u es w i t h i n t h i s "eq u i v a1 en t I' b l a d e passage. The e n t i r e a r r a y o f experimental data a t 1
r a d i a l p o s i t i o n s b y 30 circumferent i a l p o s i t i o n s was i n t e r p o l a t e d t o p r o v i d e d a t a a t i n t e r m e d i a t e p o s i t i o n s , color-coded and d i sp l a y e d on a c o l o r r a s t e r d i s p l a y . The r e s u l t s were photographed t o p r o v i d e t h e r e s u l t s shown i n t h e f i g u r e . processed i n an i d e n t i c a l manner. V e l o c i t i e s were p r e d i c t e d f o r t h e same 1 b y 30 a r r a y o f s p a t i a l p o s i t i o n s , computer i n t e r p o l a t e d and g r a p h i c a l l y d i s p l a y e d . F i g u r e 6 p r e s e n t s t h e a x i a l v e l o c i t y f i e l d i n t h e a b s o l u t e r e f e r e n c e frame seen b y a s t at i o n a r y observer. The b l a d e r o t a t i o n i n t h e f i g u r e i s i n t h e c o u n t e r c l o c k w i s e d i r e c t i o n when viewed f r o m behind t h e p r o p e l l e r l o o k i n g forward. The a x i a l v e l o c i t y measured b y t h e l a s e r v e l o c i m e t e r c l e a r l y show t h e t h i c k b l a d e wakes and t h e t i p v o r t e x . The l i g h t g r a y r e g i o n a d j a c e n t t o t h e b l a d e wakes i s t h e h i g h v e l o c i t y from t h e s u c t i o n s u r f a c e .
The maximum s u c t i o n s u r f a c e v e l o c i t y occurs a t about 0.9 o f t h e t i p r a d i u s . data w i t h t h e r e s u l t s f r o m t h e curved l i f t i n g l i n e a n a l y s i s , t h e v i s c o u s b l a d e wakes must be i g n o r e d s i n c e t h e y a r e n o t i n c l u d e d i n t h e a n a l y s i s . The comparison a l s o shows t h e analy s i s has a s t r o n g e r p r e d i c t e d t i p v o r t e x because o f t h e mathematical s i n g u l a r i t y p r e s e n t i n t h e a n a l y s i s a t t h e t i p . The general c h a r a c t e r o f t h e f l o w f i e l d as measured i s s t r i k i n g l y s i m i l a r t o t h e f l o w f i e l d p r e d i c t e d b y t h e curved l i f ti n g l i n e a n a l y s i s . Some f l o w d i s t u r b a n c e s a r e noted beyond t h e b l a d e t i p . f l u c t u a t i o n s may p r e s e n t a p o t e n t i a l n o i s e source.
I n g e n e r a l , t h e curved l i f t i n g l i n e a n a l y s i s shows good q u a l i t a t i v e agreement w i t h t h e e x p e r i m e n t a l l y measured LV data.
I n F i g u r e 7, t h e r e s u l t a n t v e l o c i t y f i e l d s ( i . e . , t h e v e c t o r sum o f t h e a x i a l and tangent i a l v e l o c i t i e s ) between t h e blades a t a r a d i u s r a t i o o f 0.79 a r e shown f o r t h e LV d a t a and t h e curved 1 i f t i n g 1 i n e a n a l y t i c a l r e s u l t s . The
f l o w d i r e c t i o n i s from l e f t t o r i g h t and t h e b l a d e r o t a t i o n f r o m t o p t o bottom. A s h o r t p o r t i o n o f t h e f l o w ahead o f t h e b l a d e i s shown i n a d d i t i o n t o t h e f l o w w i t h i n t h e blades and s l i g h t l y downstream o f t h e blades.
shown i s f o r a x i a l d i s t a n c e s o f x/R = 0.32 t o These d a t a were used t o
The circumThe a n a l y t i c a l r e s u l t s were F o r p r e s e n t a t i o n purposes, t h e f o l d e d r e s u l t s have been repeated t w i c e i n t h e f i g u r e t o show two b l a d e passages.
The LV p i c t u r e shows a r a p i d a c c e l e r a t i o n on t h e s u c t i o n s i d e o f t h e blade. Other numeric LV d a t a n o t presented i n d i c a t e a shock wave j u s t downstream o f t h e h i
The SR-3 p r o p e l l e r t e s t r e s u l t s o b t a i n e d w i t h t h e o r i g i n a l r o t a t i n g balance i n s t a l l e d i n t h e p r o p e l l e r t e s t r i g and a f l o w survey probe a r e compared i n F i g u r e 8 w i t h t h e curved l i f t i n g l i n e and t h e p r o p e l l e r / n a c e l l e l i f t i n g l i n e a n a l y t i c a l codes. F o r c o n s i s t e n c y o f comparison w i t h e x p e r i m e n t a l r e s u l t s , t h e a n a l y t i c a l r es u l t s account f o r t h e change i n b l a d e t w i s t r e s u l t i n g from c e n t r i f u g a l f o r c e s generated b y b l a d e r o t a t i o n . These d a t a a r e presented over a range o f advance r a t i o s f o r a f r e e -s t r e a m Mach number o f 0.8.
I n t h e power c o e f f i c i e n t curve, b o t h a n a l y t i c a l methods o v e r p r e d i c t t h e power c o e f f i c i e n t a l t h o u g h t h e curved l i f t i n g l i n e a n a l y s i s more a c c u r a t e l y p r e d i c t s t h e l e v e l . Both methods d e v i a t e f u r t h e r f r o m t h e data a t b o t h h i g h and low advance . r a t i o s and a r e most a c c u r a t e i n t h e mid-range.
The assumed v a r i a t i o n o f t w i s t change with r o t a t i o n a l speed a f f e c t s t h e shape o f t h e power c o e f f i c i e n t curve. The assumed v a r i a t i o n o f t w i s t w i t h r o t a t i o n a l speed squared may be r e s p o n s i b l e f o r some o f t h e discrepancy i n t h e p r e d i c t e d and measured power c o e f f i c i e n t r e s u l t s . For t h e e f f i c i e n c y curves, t h e curved l i f t i n g l i n e a n a l y s i s adequately agrees w i t h t h e d a t a w h i l e t h e p r o p e l l e r n a c e l l e i n t e r a c t i o n a n a l y s i s con 
degrees. The l e v e l o f Mach numbers on t h e s u c t i o n s i d e o f t h e b l a d e n e a r t h e n a c e l l e s u r f a c e a t about t h e t w o -t h i r d s c h o r d i n d i c a t e s t h e presence o f a shock wave a t t h a t l o c a t i o n . On t h e p r e s s u r e s i d e o f t h e blade, a shock wave i s a l s o i n d i c a t e d a t about t h e same l o c a t i o n . The m i d d l e p o r t i o n o f t h e f i g u r e shows t h e c a lc u l a t e d Mach numbers between t h e b l a d e passages n e a r t h e hub and a t 82 p e r c e n t o f t h e b l a d e span. Near t h e hub, t h e shock wave i s s t r o n g and spans t h e e n t i r e passage. b l a d e span l o c a t i o n , t h e shock wave eminates from t h e s u c t i o n s u r f a c e n e a r t h e t r a i l i n g edge b u t becomes v e r y weak n e a r t h e p r e s s u r e s u r f a c e .
The r e s u l t s shown i n F i g u r e 9 a r e i n good q u a l i t a t i v e agreement w i t h l a s e r v e l o c i m e t e r measurements p r e s e n t e d i n Reference 12. One s i g n i f i c a n t
d i f f e r e n c e i s t h e l o c a t i o n o f t h e shock wave. I n t h e computed r e s u l t s , t h e shock wave o r i g i n a t e s c l o s e r t o t h e t r a i l i n g edge o f t h e b l a d e on t h e s u c t i o n s u r f a c e whereas t h e d a t a o f R e f e r e n c e 12 i n d i c a t e s a shock wave l o c a t i o n somewhat upstream o f t h e t r a i l i n g edge. T h i s b e h a v i o r i s c o n s i s t e n t w i t h shock wave boundary l a y e r i n t e r a c t i o n s i n o t h e r t y p e s o f f l o w f i e l d s i n which v i s c o u s e f f e c t s cause t h e a c t u a l shock wave l o c a t i o n t o b e u p s t r e a m o f t h e l o c a t i o n p r e d i c t e d b y i n v i s c i d a n a l y s e s .
i n F i g u r e s 10-13 w i t h e x p e r i m e n t a l l y measured p r o p e l l e r wake s w i r l angles and power c o e f f ic i e n t s a t t h e f r e e s t r e a m Mach numbers o f 0.6 and 0.8.
I n F i g u r e 10, f o r a f r e e s t r e a m Mach number o f 0.6, t h e E u l e r a n a l y s i s v a l u e s o f s w i r l a n g l e downstream o f t h e p r o p e l l e r a r e compared w i t h e x p e r i m e n t a l l y measured v a l u e s o f s w i r l a n g l e o b t a i n e d d u r i n g t h e w i n d t u n n e l t e s t s d e s c r i b e d i n R e f e r e n c e 15. These v a l u e s were measured w i t h an i n s t r u m e n t e d wedge mounted on a t r a n s l a t i n g probe. Both t h e computed and measured v a l u e s c o r r e s p o n d t o an a x i a l l o c a t i o n A comparison o f t h e a n a l y t i c a l and e x p e r i -
I n F i g u r e 9, t h e p r e d i c t e d r e l a t i v e Mach A t t h e 82 p e r c e n t
The E u l e r a n a l y s i s r e s u l t s a r e n e x t compared c h o r d / g a p ) o f 1.0, t h e d e v i a t i o n a n g l e was d e t e r m i n e d t o b e 3.15 degrees. T h i s c o rresponds t o a r e d u c t i o n o f t h e s w i r l a n g l e t o a v a l u e of 5.8 degrees f r o m t h e o r i g i n a l l y p r ed i c t e d 8.9 degrees. The unusual b e h a v i o r o f t h e d a t a n e a r r / R = 1.0 i s a p p a r e n t l y caused b y t h e t i p v o r t e x r o l l u p . The a n a l y s i s has n o t p
p r o p e l l e r d i a m e t e r s downstream o f t h e p i t c h change a x i s . A l t h o u g h t h e l e v e l o f t h e p r ed i c t e d r e s u l t s i s c o n s i d e r a b l y h i g h e r t h a n t h e e x p e r i m e n t a l r e s u l t s , t h e r a d i a l v a r i a t i o n of s w i r l i s i n r e a s o n a b l e agreement between t h e two s e t s of r e s u l t s when an e s t i m a t e o f v i s c o u s e f f e c t s i s i n c l u d e d i n t h e comparison u s i n g t h e compressor methodology o f Reference 16. r a d i u s r a t i o r / R = 0.52 which corresponds t o a s o l i d i t y (

r e d i c t e d t h i s f e a t u r e o f t h e f l o w because t h e mesh i s t o o c o a r s e i n t h i s r e g i o n .
A comparison of t h e E u l e r computed and measured p r o p e l l e r power c o e f f i c i e n t i s shown i n F i g u r e 11. E x p e r i m e n t a l r e s u l t s a r e t a k e n f r o m Reference 15. The 
power c o e f r i c i e n r i s c o n s i d e r a b l y o v e r p r e d i c t e d . Since power c o e f f ic i e n t i s c l o s e l y r e l a t e d t o s w i r l angle, t h e o v e r p r e d i c t i o n o f power c o e f f i c i e n t i s c o n s i st e n t w i t h t h e o v e r p r e d i c t i o n o f s w i r l a n g l e shown i n F i g u r e 10. I t appears t h a t a t l o w e r f r e e s t r e a m Mach numbers, t h e o v e r p r e d i c t i o n o f power c o e f f i c i e n t a t t h i s Mach number i s due t o n e g l e c t i n g v i s c o u s e f f e c t s i n t h e a n a l y s i s and t h a t boundary l a y e r growth on t h e b l a d e s u r f a c e causes a r e d u c t i o n i n s w i r l angle downstream o f t h e p r o p e l l e r . s t r e a m o f t h e p r o p e l l e r a t a f r e e s t r e a m Mach
number o f 0.8 a r e shown i n F i g u r e 12. Numerical r e s u l t s f o r s w i r l a n g l e a r e h i g h e r t h a n t h o s e measured i n t h e w i n d t u n n e l ( 1 5 ) and a r e s i m i l a r t o t h e r e s u l t s a t a Mach number o f 0.6 ( F i g . 10). The s w i r l a n g l e o v e r p r e d i c t i o n i s a p p r o x i m a t e l y equal t o f o u r degrees whereas a t a f r e e s t r e a m Mach number o f 0.6 t h e d i s c r e p a n c y i s about t h r e e degrees.
T h i s d i f f e r e n c e i m p l i e s t h a t a t f r e e s t r e a m Mach number o f 0.8, a mechanism i n a d d i t i o n t o boundary l a y e r growth i s c a u s i n g decreased f l o w t u r n i n g . T h i s mechanism c o u l d b e due t o t h e presence o f t h e p r e v i o u s l yd i s c u s s e d shock wave l o c a t e d j u s t u p s t r e a m o f t h e b l a d e t r a i l i n g edge. l a y e r i n t e r a c t i o n r e s u l t i n g f r o m t h i s shock l o c a t i o n would r e s u l t i n r e d u c e d b l a d e l o a d i n g and cause r e d u c e d s w i r l r e l a t i v e t o a t r a i l i n g
edge shock wave l o c a t i o n . l e a s t p a r t i a l l y e x p l a i n t h e l a r g e r o v e r p r e d i ct i o n o f s w i r l a n g l e shown i n F i g u r e 12. The compressor methodology o f Reference 1 6 c a n n o t b
e used t o e s t i m a t e v i s c o u s l o s s e s a t t h i s cond i t i o n . T h i s methodology i s based on l o w speed cascade d a t a and t h e presence o f shock waves i n t h e f l o w f i e l d c l e a r l y makes i t n o t a p p l i c a b l e .
The r a d i a l v a r i a t i o n o f s w i r l a n g l e agrees r e a s o n a b l y w e l l w i t h t h e e x p e r i m e n t a l r e s u l t s .
The r e g i o n w i t h t h e l a r g e s t d i s c r e p a n c y i s a g a i n t h e t i p r e g i o n where t h e c o a r s e mesh c a n n o t r e s o l v e t h e d e t a i l s o f t h e f l o w a s s o c i a t e d w i t h t h e t i p v o r t e x .
A t a P r e d i c t e d and measured s w i r l a n g l e down-A shock wave boundary T h i s f a c t would a t A summary o f p r o p e l l e r power c o e f f i c i e n t f o r t h e SR-3 p r o p e l l e r a t f r e e s t r e a m Mach numb e r o f 0.8 i s shown i n F i g u r e 13. The SR-3 p r o p e l l e r was designed f o r a c r u i s e c o n d i t i o n a t a f r e e s t r e a m Mach number of 0.8, advance r a t i o o f 3.06 and a power c o e f f i c i e n t o f 1.7. The power c o e f f i c i e n t i s shown f o r t h r e e b l a d e a n g l e s e t t i n g s . A l t h o u g h t h e power c o e f f i c i e n t i s a g a i n o v e r p r e d i c t e d , t h e v a r i a t i o n o f power c o e f f i c i e n t w i t h b l a d e a n g l e i s p r e d i c t e d q u i t e w e l l . The o v e r p r e d i c t i o n o f power c o e f f i c i e n t i s c o n s i s t e n t w i t h t h e o v e r p r e d i c t i o n o f s w i r l a n g l e shown i n F i g u r e 12 and would improve i f shock wave boundary l a y e r i n t e r a c t i o n and v i scous e f f e c t s were i n c l u d e d i n t h e a n a l y s i s .
A c c u r a t e p r o p e l l e r performance t e s t i n g i s a d i f f i c u l t t a s k which r e q u i r e s s p e c i a l t e s t equipment. As an example, f a n performance f o r a t u r b o f a n e n g i n e can b e measured a c c u r a t e l y u s i n g c o n v e n t i o n a l f l o w s u r v e y t e c h n i q u e s because of t h e l a r g e 50 t o 70 p e r c e n t p r e s s u r e r i s e a c r o s s i t . Advanced p r o p e l l e r s , however, have o n l y about a 5 p e r c e n t p r e s s u r e r i s e , so
s o p h i s t i c a t e d f o r c e b a l a n c e s a r e r e q u i r e d t o a c c u r a t e l y measure t h e performance. T h i s sect i o n summarizes t h e development o f an a c c u r a t e r o t a t i n g f o r c e b a l a n c e f o r measurement o f b o t h t h r u s t and t o r q u e on p r o p e l l e r models. The r o t a t i n g b a l a n c e i s l o c a t e d i n t h e NASA L e w i s 746 Kw (1000 h p ) P r o p e l l e r T e s t R i g (PTR) as shown i n F i g u r e 14. T h i s PTR can b e i ns t a l l e d i n t h e Lewis 8-b y 6-, 10-b y lo-, o r 9-b y 15-foot w i n d t u n n e l s t o i n v e s t i g a t e a r a n g e o f t e s t speeds f r o m Mach 0 t o 0.85. Power f o r t h i s t e s t r i g i s p r o v i d e d b y an a i r t u r b i n e w h i c h i s 1 5 cm (5.9 i n ) i n d i a m e t e r and a on t h e s u p p o r t s t r u t . t h e r m a l d r i f t and r o t a t i o n a l i n t e r a c t i o n problems which r e q u i r e d s p e c i a l t e s t p r o c e d u r e s and e x t r a t e s t s t o o b t a i n a c c u r a t e data. Because o f t h e s e problems, i t was n e c e s s a r y t o conduct two d i f f e r e n t w i n d t u n n e l t e s t s t o measure prop e l l e r performance. An i n i t i a l t e s t was cond u c t e d u s i n g t h e s t r u t l o a d c e l l ( F i g . 1 4 ) t o e s t a b l i s h a w i n d m i l l d r a g l e v e l . Then a second t e s t was conducted t o measure t h e i n c r e m e n t a l t h r u s t f r o m w i n d m i l l t o a powered c o n d i t i o n and back t o w i n d m i l l . The o r i g i n a l r o t a t i n g b a l a n c e was used t o o b t a i n t h i s i n c r e m e n t a l t h r u s t o v e r a v e r y s h o r t p e r i o d o f t i m e where t h e r m a l d r i f t e r r o r s would b e i n s i g n i f i c a n t . T h i s s p e c i a l t e s t p r o c e d u r e i s d e s c r i b e d i n more d e t a i l i n
Reference 1 5 . To e l i m i n a t e t h e l o n g t e s t t i m e s and t h e problems w i t h t h e o r i g i n a l r o t a t i n g balance, a new r o t a t i n g b a l a n c e was designed and b u i l t t h r o u g h a Lewis c o n t r a c t e d program w i t h Shaker Research C o r p o r a t i o n . The c a l i b r at i o n and i n i t i a l w i n d t u n n e l t e s t i n g was performed by NASA Lewis p e r s o n n e l i n t h e Lewis 10-b y 1 0 -f o o t w i n d t u n n e l a t speeds t o Mach 0.35. t i n ous f l o w a i r system s u p p l y i n g 3.1 x 10 t -N / M ! ! (450 p s i ) a i r which i s r o u t e d t h r o u g h The o r i g i n a l r o t a t i n g f o r c e b a l a n c e had
t h e b a l a n c e i n F i g u r e 1 5 . The d a r k s e c t i o n s i n t h e f i g u r e r e p r e s e n t s t h e r o t a t i n g p a r t o f t h e b a l a n c e . To m i n i m i z e any t h e r m a l d r i f t problems w i t h t h e new balance, i t was designed w i t h w a t e r c o o l i n g passages t o c a r r y away t h e h e a t g e n e r a t e d b y t h e b e a r i n g s . I n a d d i t i o n , t h e main h e a t g e n e r a t i n g t h r u s t b e a r i n g was l o c a t e d a t t h e r e a r o f t h e b a l a n c e i n o r d e r t o b e as f a r away as p o s s i b l e f r o m t h e t h r u s t and t o r q u e sensors which were l o c a t e d a t t h e f r o n t o f t h e balance. To m i n i m i z e any r o t a t i o n a l i n t e r a c t i o n problems, t h e t h r u s t and t o r q u e s t r a i n gauges were mounted on two rows o f f o u r r a d i a l spokes. can b e seen i n t h i s f i g u r e .
A photograph o f t h e t h r u s t and t o r q u e r a d i a l spokes can b e seen i n F i g u r e 16. E x t e n s i v e s t a t i c and s p i n c a l i b r a t i o n s were performed i n t h e 10-b y 1 0 -f o o t wind t u n n e l t o d e t e r m i n e t h e b a l a n c e c o n s t a n t s and t o unders t a n d t h e b e h a v i o r of t h e new balance. graph o f t h e s t a t i c t o r q u e c a l i b r a t i o n r i g i s shown i n F i g u r e 17.
Some t y p i c a l p r o p e l l e r t e s t d a t a a c q u i r e d w i t h t h e new r o t a t i n g b a l a n c e i s p r e s e n t e d i n F i g u r e 1 8 . T h i s d a t a shows t h e p r o p e l l e r power c o e f f i c i e n t and n e t e f f i c i e n c y versus advance r a t i o a t t h e t a k e o f f Mach number o f 0.2 f o r t h e SR-2, 8-bl aded, unswept p r o p e l 1 e r ( 1 7 ) . The square symbols s i g n i f y d a t a a c q u i r e d w i t h t h e o r i g i n a l b a l a n c e system w h i l e t h e c i r c l e s r e pr e s e n t d a t a a c q u i r e d w i t h t h e new r o t a t i n g balance.
(Cp = 1.0, J = 0.875), b o t h balances measure e s s e n t i a l l y t h e same power c o e f f i c i e n t . t h e new r o t a t i n g balance, a s l i g h t l y l o w e r n e t e f f i c i e n c y o f 50.5 was o b t a i n e d compared t o 51 p e r c e n t f o r t h e o r i g i n a l b a l a n c e system a t t h i s d e s i g n advance r a t i o . S i m i l a r f a v o r a b l e agreement e x i s t e d up t o an advance r a t i o n e a r 1.5. A t h i g h e r advance r a t i o s above 1.5, however, a d i s c r e p a n c y i n n e t e f f i c i e n c y e x i s t s between t h e t w o f o r c e measurement systems. T h i s d i screpancy n e a r peak p r o p e l l e r e f f i c i e n c y i s i n t h e r e g i o n where v e r y s m a l l f o r c e s a r e measured and p r o p e l l e r s do n o t n o r m a l l y o p e r a t e d u r i n g l o w speed t a k e -o f f and c.limb. Also, t h e peak e f f i c i e n c y of 91.3 p e r c e n t measured w i t h t h e o r i g i n a l b a l a n c e system appears t o b e t o o h i g h when compared t o a n a l y t i c a l p r e d i c t i o n s .
I n g e n e r a l , t h e good agreement between t h e two b a l a n c e systems o v e r t h e o p e r a t i n g r a n g e o f i n t e r e s t g i v e s c r e d i b i l i t y t o t h e new r o t a t i n g b a l a n c e s i n c e t h e o r i g i n a l f o r c e measurement system had ( i n Ref. 1 5 , Appendix A) p r e v i o u s l y been shown t o be i n good agreement w i t h d a t a t a k e n w i t h a n o t h e r p r o p e l l e r t e s t r i g i n t h e U n i t e d T e c h n o l o g i e s Research Center (UTRC) w i n d t u n n e l . I n summary, w i n d t u n n e l t e s t s on t h e SR-2 t w o -f o o t p r o p e l l e r model a t t a k e -o f f and c l i m b c o n d i t i o n have demonstrated t h a t t h e new p r op e l l e r r o t a t i n g b a l a n c e a c c u r a t e l y measured t h e p r o p e l l e r ' s t h r u s t and t o r q u e . A l s o , t h e new b a l a n c e c u t t h e p r o p e l l e r t e s t t i m e i n a b o u t Two f r o n t and two r e a r spokes A photo-
Near t h e t a k e o f f d e s i g n c o n d i t i o n
o r i g i n a l f o r c e measurement system. T h i s l a r g e s a v i n g s i n t e s t t i m e s h o u l d r e s u l t i n s i g n i f i c a n t c o s t s a v i n g s t o NASA f o r a l l f u t u r e p r o p e l l e r t e s t s .
FLUORESCENT MINI-TUFT TECHNIQUE
The f l u o r e s c e n t m i n i -t u f t t e c h n i q u e i s a f l o w v i s u a l i z a t i o n method t h a t can b e used t o u n d e r s t a n d t h e s u r f a c e f l o w f i e l d on o p e r a t i n g p r o p e l l e r b l a d e s and l o c a t e p o t e n t i a l s t a l l e d r e g i o n s . T h i s t e c h n i q u e (18-20) i s an e x t e n s i o n o f t h e c l a s s i c t u f t f l o w v i s u a l i z a t i o n method t o p r o p e l l e r t e s t i n g .
I n t h e f l u o r e s c e n t m i n i -t u f t t e c h n i q u e , v e r y t i n y (e.g., The e x t r e m e l y s m a l l t u f t s a r e used t o m i n imize t h e c e n t r i f u g a l f o r c e s a c t i n g on t h e t u f t s so t h a t t h e aerodynamic f o r c e s can have more i n f l u e n c e on t h e t u f t s . The r e a s o n t h a t t h e c e n t r i f u g a l f o r c e d i m i n i s h e s f a s t e r t h a n aerodynamic f o r c
e as t h e t u f t d i a m e t e r i s decreased i s t h a t t h e c e n t r i f u g a l f o r c e depends on t h e mass o f t h e t u f t which i s p r o p o r t i o n a l t o t h e t u f t c r o s s -s e c t i o n a l a r e a o r d i a m e t e r squared. On t h e o t h e r hand, t h e aerodynamic f o r c e i s p r o p o r t i o n a l t o t h e t u f t p r o j e c t e d f r o n t a l a r e a (i.e., t u f t d i a m e t e r t i m e s t h e t u f t l e n g t h p e rp e n d i c u l a r t o t h e f l o w )
. d i a m e t e r causes c e n t r i f u g a l f o r c e s t o d i m i n i s h f a s t e r t h a n aerodynamic f o r c e s and t h u s a1 l o w s t h e t u f t t o r e s p o n d more t o aerodynamic f o r c e s . The s m a l l t u f t d i a m e t e r a l s o m i n i m i z e s t h e aerodynamic d r a g which h e l p s t o make t h i s method a more n o n -i n t r u s i v e f l o w v i s u a l i z a t i o n method.
The t i n y s i z e o f t h e t u f t s , however, c r e a t e s t h e p r o b l e m o f s e e i n g and r e c o r d i n g them. T h i s p r o b l e m i s overcome b y making t h e t u f t s appear l a r g e r t h a n t h e y a c t u a l l y a r e b y u s i n g f l u o r e sc e n t photography. A s p e c i a l u l t r a v i o l e t s t r oboscope f i r e s a b u r s t o f u l t r a v i o l e t energy i n one m i l l i o n t h o f a second. The u l t r a v i o l e t e n e r g y causes t h e t u f t s t o f l u o r e s c e w h i l e t h e r a p i d p u l s e s t o p s t h e m o t i o n o f t h e p r o p e l l e r w h i c h may b e r o t a t i n g a t speeds up t o 9000 RPM i n t h e p r o p e l l e r t e s t r i g . The f l u o r e s c i n g t u f t s e m i t v i s i b l e l i g h t which makes t h e t u f t s appear 10 t o 20 t i m e s l a r g e r t h a n t h e y a c t u a l l y are. A 35mm camera w i t h a f i l t e r t h a t o n l y a l l o w s v i s i b l e l i g h t t o pass i n t o t h e camera, r e c o r d s t h e image o f t h e e n l a r g e d t u f t s .
e l e c t r o n i c a n g l e encoder a l o n g w i t h a v i d Thus a s m a l l e r t u f t I n c o n j u n c t i o n w i t h t h e above equipment, an A f l u o r e s c e n t m i n i -t u f t p i c t u r e o f t h e SR-6, 10-bladed, 40 degree swept p r o p e l l e r i s shown i n F i g u r e 19. The p r o p e l l e r i s i n t h e NASA Lewis 10-b y 1 0 -f o o t w i n d t u n n e l o p e r a t i n g a t a c o n d i t i o n n e a r c l i m b (i.e., Mach number o f 0.35, r o t a t i o n a l speed o f 5100 RPM, and a b l a d e a n g l e o f 57 degrees). i n d i c a t e t h a t t h e l o c a l b l a d e f l o w i s w e l l behaved and t h a t t h e r e i s no s i g n i f i c a n t separ a t e d f l o w r e g i o n s a t t h i s c o n d i t i o n .
F i g u r e 1 9 i l l u s t r a t e s t h e t y p e o f f l o w v i s u a l i z a t i o n r e s u l t s t h a t can b e a c h i e v e d on r o t a t i n g p r o p e l l e r blades. have a p p l i c a t i o n t o o t h e r r o t a t i n g hardware such as h e l i c o p t e r b l a d e s o r t u r b o m a c h i n e r y . The t e c h n i q u e can s u r v e y t h e f l o w f i e l d w h i l e o t h e r t e s t s a r e b e i n g conducted w i t h m i n i m a l i n t e r f e r e n c e t o t h e f l o w .
Mach numbers, a chemical coating around 0.001 inches was applied near the hub and about a 0.002 inch coating was applied near the tip.
A stroboscopic picture of the SR-6, 10-bladed, 40 degree swept propeller during a chemical sublimation test in the Lewis 10-by 10-foot wind tunnel is shown in Figure 21 Figure 22 where net efficiency is plotted versus Mach number. ating at the 10-bladed propeller design power coefficient and advance ratio.
of the 10-bladed propeller was about 3/4 to 1 percent higher than that of the 8-bladed model from Mach 0.6 to about 0.76. This higher performance would be expected due to the higher ideal efficiency for a blade count increase from 8 to 10. For the 8-bladed propeller, the performance loss due to compressibility effects began above Mach 0.7 and increased gradually with increasing speed. The 10-bladed propeller, however, showed no performance loss up to a speed near Mach 0.75. Beyond this speed, the efficiency fell rapidly with increasing Mach number. By Mach 0.8, the efficiency had fallen 3 percent and was 1 / 2 percent below the 8-bladed model. To better understand this large 3 percent efficiency !oss, a new flow visualization technique, called the paint flow technique, was devel oped.
The paint flow technique consists of painting the propeller blades with a red undercoat and a white overcoat. Then with the propeller operating at the desired test condition, an upstream jet atomizer was turned on to produce a cloud of dioctyl-phthalate (DOP) particles. The DOP solvent then impinges on the rotating propeller blades and after about 30 minutes of testing causes the paint to flow, etching the surface airflow patterns into the surface o f the bl ades.
The results of these paint flow tests with the 10-bladed propeller operating near design at Mach 0.8 is shown in Figure 23 . The photographs indicate a rather extensive shock on both the pressure and suction sides of the proThese data show both propellers operThe performance peller blade. The shock structure extends far from the hub region to near the blade midradius. The extensive shock structure indicates that hub choking was quite severe, and propagated outward over a considerable portion of the blade span. Thus, these photographs provide convincing evidence that hub choking was responsible for tnost of the 3 percent loss in efficiency shown in Figure 22 .
The new computer analyses previously described are now being used to design propellers that will minimize this hub choking problem.
Thus, this paint flow technique represents another useful experimental tool to improve the understanding of the physical phenomena occurring on these advanced propellers.
CONCLUDING REMARKS
Some of the 1 atest propeller analytical procedures and experimental techniques used in the NASA Lewis Propeller Research Program have been presented.
The analytical curved lifting line code was compared with data from a new experimental tool, the laser velocimeter. comparisons indicated good qualitative agreement. Also, prediction from two lifting line codes were compared to propeller force and flow survey probe data. These comparisons showed reasonable agreement in terms of propeller efficiency and power coefficient but only fair characterization of the propeller radial loading distribution. Thus, these new lifting line codes are useful as preliminary design methods to determine which of the potential propeller designs should go on to a more detailed analysis with the lifting surface analytical codes. reviewed and results were presented which showed it has the capability of predicting shock waves and the detailed inviscid features o f the flow. The predicted propeller swirl angles and power coefficients were overpredicted because the analysis does not include viscous effects at this time. However, the radial variation o f swirl angle downstream of the propeller was predicted reasonably well. Also, the variation o f propeller power coefficient with blade angle was predicted very well. Analysis work is planned to add viscous effects to this Euler method. With viscous effects added to the analysis, the Euler propeller analysis code should represent a significant advance in propeller design methodology.
for model propeller tests was recently calibrated and evaluated in the Lewis 10-by 10-foot wind tunnel. This new balance reduces propeller wind tunnel test time by one half and can accurately measure performance of two foot propeller models as compared to the original propeller force measurement system that was used at Lewis. This new rotating balance significantly simplifies and speeds up propeller wind tunnel testing with the potential of large cost savings in future model tests. 
Abstract
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